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Abstract
Group IV alloys have been long viewed as homogeneous random solid solutions since
they were first perceived as Si-compatible, direct-band-gap semiconductors 30 years
ago. Such a perception underlies the understanding, interpretation and prediction of
alloys’ properties. However, as the race to create scalable and tunable device materials
enters a composition domain far beyond alloys’ equilibrium solubility, a fundamental
question emerges as to how random these alloys truly are. Here we show, by combining
statistical sampling and large-scale ab initio calculations, that GeSn alloy, a promising
group IV alloy for mid-infrared technology, exhibits a clear, short-range order for solute
atoms within its entire composition range. Such short-range order is further found to
substantially affect the electronic properties of GeSn. We demonstrate the proper
inclusion of this short-range order through canonical sampling can lead to a significant
improvement over previous predictions on alloy’s band gaps, by showing an excellent
agreement with experiments within the entire studied composition range. Our finding
thus not only calls for an important revision of current structural model for group IV
alloy, but also suggests short-range order may generically exist in different types of
alloys.
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1 Introduction
Since the first prediction in SiGeSn alloy on its direct band gap,1 group IV alloys have at-
tracted attentions for silicon photonics. This interest has been significantly boosted recently
as group IV alloys have been indeed demonstrated viable for optoelectronic applications when
a substantial amount of Sn is incorporated into Si and Ge by physical or chemical vapor de-
position techniques.2,3 In particular, with a Sn composition beyond 8 at. %, GeSn alloy was
characterized as a direct band gap semiconductor by photoluminescence and lasing.4–10 As
the band gap of GeSn alloy continuously decreases with Sn composition, a high-Sn content
GeSn alloy (e.g., >20 at.% Sn) is of particular interest as it enables a wavelength coverage
well within the mid-infrared range, thus promising numerous exciting applications including
light-emission, chemical and biological sensing.11
One of the main challenges in GeSn alloy is Sn segregation, where Sn atoms aggregate
in lattice, adversely affecting the properties and integrity of GeSn alloy. To address this
issue, experimental characterization has been focused on differentiating Sn segregation from
Sn dispersion.12–15 As a commonly adopted notion, GeSn alloy is viewed as a homogeneous
random solid solution when no Sn segregation is present. This assumption has been employed
to interpret experiments,12–17 but more crucially, constitutes the foundation for nearly all
theoretical predictions of GeSn alloys.18–29 Indeed, commonly employed modeling methods,
including virtual crystal approximation (VCA), coherent-potential approximation (CPA),
and special quasi-random structure (SQS),30 are all based on this assumption.
Although the absence of Sn cluster certainly indicates atoms are well dispersed within
the lattice, it remains unclear whether a well-dispersed Sn distribution necessarily implies a
truly random distribution. In a truly random alloy, a lattice site is occupied by constituent
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elements with a probability solely depending on alloy’s composition, irrespective of what is
present in its neighbors. In contrast, in a well-dispersed, but not necessarily truly random
alloy, the probability of site occupancy also depends on neighboring atoms, due to a corre-
lation between constituent elements. Both types of distributions lead to a microscopically
homogeneous and well-dispersed alloy, i.e., no segregation, but are distinguished by whether
a short-range ordering is present.
Indeed, recent experimental studies31,32 based on extended X-ray absorption fine struc-
ture (EXAFS) already showed a lack of Sn-Sn nearest neighbors in GeSn alloy with a Sn
content up to 12.4 at. %. Characterization of non-equilibrium SiGeSn ternary alloy by atom
probe tomography also showed an unexpected repulsive interaction between Si and Sn.33 On
the other hand, although theory and experiment are found to agree well for low-Sn content
GeSn alloy,17 a significant discrepancy emerges very recently for high-Sn alloys on their fun-
damental band gaps. In particular, first principle calculations based on a random solution
model all suggest GeSn alloys turn into a metal at 25 ∼ 28 at. % Sn content,26–28 whereas
very recent optical studies confirm ultra-high-Sn content GeSn alloy still remains as a direct
band gap semiconductor,16,34 for example, a EΓg =0.15 eV for a Sn concentration as high as
32 at. %.16 As recent advance in synthesis enables the growth of high-Sn content alloys far
beyond Sn’s solubility in Ge and Si,7,9,10,16,34–36 a fundamental question emerges as to how
random these group IV alloys truly are.
Here we examine the fundamental assumption of random solid solution in GeSn alloys
by combining statistical sampling based on Monte Carlo method and density functional
theory (DFT) calculation. Our study indeed shows that GeSn alloy, in contrast to SiGe
alloy and the conventional notion, is clearly not a truly random solid solution, by exhibiting
a partial, short-range order (SRO) that becomes particularly prominent in the correlation
function involving solute atoms. This SRO is reflected by a lower-than-random solute-
solute coordination number in their first coordination shell, and resembles what has been
recently observed in metallic alloys.37–39 Importantly, the identified SRO is further found to
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account for the discrepancy between theory and experiment, through our ensemble-averaged
prediction that explicitly incorporates the SRO, and shows an excellent agreement with the
experiments over the entire composition range studied so far.
2 Methods
2.1 Metropolis Monte Carlo Sampling
The notion of simple arithmetic average is commonly employed to obtain the average prop-
erty of interest X¯ in alloy, namely, X¯ = 1/N
∑N
i Xi, where N is the number of config-
urations and Xi is the property of configuration i. An underlying assumption for simple
average is that all configurations within the ensemble carry the same statistical weight,
which is a condition satisfied in truly random solution. In real alloy, each configuration may
carry a unique statistical weight wi, thus contributing differently to the ensemble average
〈X〉 = ∑iwiXi. Under a given temperature T , such statistical weight is the Boltzmann
factor wi = exp(−Ei/kBT )/Z, where Ei is the total energy for the configuration i, kB is the
Boltzmann constant, and Z is the partition function for canonical ensemble. An efficient
way of computing the ensemble average 〈X〉 is Metropolis Monte Carlo (MC) method,40
where a new configuration j, created by a trial move from the current configuration i, is
accepted based on wj/wi = exp(−(Ej−Ei)/kBT ). For binary group IV alloy, the trial move
involves swapping a randomly selected solute atom with a randomly selected solvent atom
within Diamond Cubic (DC) lattice. The new configuration is then fully relaxed by DFT
calculation to obtain the total energy E.
2.2 DFT calculations
Our DFT calculation is carried out using the Vienna Ab initio Simulation Package (VASP)41
based on the projector augmented wave method.42–44 Local density approximation (LDA)45
is employed, as previous studies26,28,29,46 showed LDA yields the best agreement with exper-
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iment on pure Ge and Sn for geometry optimization. We also test Perdew-Burke-Ernzerhof
(PBE) functional,47 to ensure the results are robust against the choice of exchange-correlation
functionals. Supercells containing 32, 64, and 128 atoms are used to ensure the results are
size- and shape independent. A 64-atom supercell is obtained by replicating a conventional
DC cell containing 8 atoms twice along each dimension, i.e., 2 × 2 × 2, whereas a 32-atom
supercell corresponds to a 2×2×1 cell. A 128-atom cell is constructed based on the primitive
cell of DC structure (containing 2 atoms) by repeating it 4 times along each dimension, i.e.,
4× 4× 4. Because the difference of total energy between two configurations ∆E = Ej − Ei
is of the central importance for sampling, and ∆E converges much faster than E itself, only
Gamma point is used to sample the first Brillouin Zone to enhance computational efficiency.
A plane-wave basis with a cutoff energy of 400 eV is used throughout the calculation. For
each new configuration, the supercell undergoes full relaxation where both cell geometry and
atomic positions are relaxed by conjugate gradient algorithm, with the convergence criteria
being 10−4 eV and 10−3 eV for electronic and ionic relaxations, respectively.
2.3 Calculation of radial distribution function
Radial distribution function (RDF) is calculated by randomly choosing 300 ∼ 600 snapshots
from the obtained MC trajectory based on 64-atom cell, excluding the first 500 configurations
due to equilibration. To take thermal motion of atoms into account, ab initio molecular
dynamics (AIMD) at 300 K is carried out on each configuration for 1 ps, yielding a trajectory
of 300 ∼ 600 ps from which RDF is calculated. For obtaining RDF of a truly random alloy, a
comparable number of configurations are randomly generated, and each undergoes full ionic
relaxation, followed by the same AIMD simulation.
2.4 Ensemble-averaged band structure calculation
For band structure calculations, we employ the modified Becke-Johnson (mBJ) exchange
potential48 that has been demonstrated to predict the correct band gaps of both Ge and
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α−Sn26,28 with the c-mBJ parameter set to be 1.2. To recover the Bloch character of
electronic eigenstates perturbed by disorder, we apply the spectral weight approach49,50
through the code fold2bloch50 to unfold the band structures back into the first primitive
Brillouin Zone of DC structure. Since the spectral weight approach requires a supercell
generated by a translation of primitive cell in real space, band structure calculations are
carried out on a 128-atom supercell. To fulfill this requirement, we re-generate the MC
trajectory using a 128-atom cell, which, while expensive, also serves as a cross validation
of our results against size effect. Spin-orbit coupling (SOC) is also considered in the band
structure calculation. Although SOC was demonstrated crucial for reproducing the band
structures of Ge and α−Sn,26,28 it significantly increases the computational cost, and more
importantly, including SOC is found to lead to a rigid shift in direct band gap, virtually
independent of configurations (see Supporting Information S2). Therefore, for the part of
our study for understanding the role of canonical sampling, we neglect the SOC in the band
gap predictions, whereas SOC is included when predicting the concentration dependence of
direct band gap.
3 Results
3.1 Short-range order in solute atoms
Since each atom within a DC lattice is surrounded by four nearest neighbors, the coordination
number (CN), which is defined as the number of the nearest neighbors of an atom, is four in
elemental semiconductors. If a DC lattice is randomly occupied by element A and B, i.e.,
forming a random solution, then the A−A or B−B coordination number is solely determined
by the composition of the alloy. For example, a Ge0.75Sn0.25 random solution should yield
a Sn-Sn CN of one, since one of the four nearest neighbors of each Sn atom, on average, is
occupied by a Sn atom, which is set by the overall composition of Sn (= 0.25). To examine
whether this is true in group IV alloy, we compute the solute-solute coordination number
6
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Figure 1: Convergence of the calculated ensemble-averaged solute-solute coordination num-
ber in Si0.75Ge0.25 and Ge0.75Sn0.25 alloys at 300 K, based on the combined MC/DFT method.
The dash line indicates the value of solute-solute coordination number in a random solution
of the same composition.
in both GeSn (Sn-Sn) and SiGe (Ge-Ge) by integrating the calculated radial distribution
function g(r) based on the obtained MC trajectory.
Fig. 1 shows the variation of the ensemble-averaged solute-solute coordination number
with the number of Monte Carlo steps in both Ge0.75Sn0.25 and Si0.75Ge0.25 alloys at 300 K.
It can be seen that beyond ∼ 1, 500 MC steps, the ensemble-averaged CN has reached a
plateau, indicating a numerical convergence. The converged Sn-Sn CNs are further found
to be independent of the choice of exchange-correlation functional, or size/shape of the
simulation cells, thus confirming the robustness of the results. Interestingly, the ensemble-
averaged Ge-Ge coordination number in Si0.75Ge0.25 alloy is found to be around 1.1, which
is just slightly higher than the ideal value (one) in a truly random Si0.75Ge0.25 alloy. This
close agreement thus supports the applicability of the random solution model in SiGe alloy,
and also confirms the effectiveness of the combined MC/DFT method.
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In sharp contrast to SiGe alloy, our calculation shows the ensemble-averaged Sn-Sn co-
ordination number in Ge0.75Sn0.25 is only 0.33± 0.02 at 300 K, namely, one third of that for
a random solution. The significantly lower Sn-Sn coordination number means that there is
a depletion of Sn atoms within the first coordination shell of a Sn atom in GeSn alloy, or in
other words, there is a strong tendency for a Sn atom to avoid another Sn atom in its first
nearest neighbor. Because each Sn atom is four-fold coordinated, the depleted Sn-Sn bonds
(∼ 2/3 for each Sn atom) must be compensated by the same number of Sn-Ge bonds. This
behavior then clearly indicates that Ge0.75Sn0.25 at 300 K deviates from a truly random alloy,
i.e., Sn atoms exhibiting some degree of SRO within the alloy. Since the calculated Sn-Sn
coordination number is non zero, the identified SRO should be characterized as partial.
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Figure 2: Variation of the ensemble-averaged (a) Sn-Sn coordination number and, (b) Ge-Ge
coordination number with Sn concentration in GeSn alloy at 300 K. The error bar of the
calculated solute-solute coordination number is about 5 ∼ 10% of the mean (see Supporting
Information S1 for details), which is about the size of the symbols.
To understand whether such SRO is unique in Ge0.75Sn0.25, or rather generic in all GeSn
alloys regardless of its composition, we carry out extensive calculations of Sn-Sn CN within
the entire compositional range. As shown in Fig. 2, GeSn alloys of different compositions
are all found to exhibit similar behaviors, albeit that the degree of partial ordering varies
with composition. In particular, the deviation from the ideal Sn-Sn coordination number is
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found to increase quickly with Sn concentration for low-Sn alloy, reach the maximum at a
Sn content of around 30 at. %, and then slowly decrease to zero for pure α−Sn.
Remarkably, we find that the SRO is not just limited to Sn-Sn nearest neighbors, but
also exists in Ge-Ge configurations in GeSn alloy. As shown in Fig. 2(b), the calculated Ge-
Ge coordination number also displays a deviation from its ideal value, and such deviation
is also found to be compositionally dependent. Intriguingly, the composition-dependence in
Ge-Ge CN is nearly symmetric to that in Sn-Sn CN: In Ge-rich alloy, the Sn-Sn coordination
exhibits a fairly strong SRO while the Ge-Ge distribution stays virtually random; In Sn-rich
alloy, the Ge-Ge coordination becomes less random while the Sn-Sn coordination remains
nearly random. This contrasting behavior thus indicates that the SRO becomes particularly
prominent in the correlation function involving solute or minority atoms in GeSn alloy.
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Figure 3: (a) Distribution of total energy E within the canonical ensembles obtained by
MC/DFT calculations for Ge0.75Sn0.25 alloy (black) and Si0.75Ge0.25 alloy (blue) at 300 K
based on a 64-atoms cell. The mean energies 〈E〉 for both distributions are set to be zero
for the purpose of comparison. Insets show a low-energy configuration on the left and a
high-energy configuration on the right. Sn and Ge atoms are represented by yellow and pink
spheres, respectively. (b) Variation of the number of Sn-Sn bonds (upper panel) and the
total energy (lower panel) in MC trajectory, obtained for Ge0.75Sn0.25 at 300 K based on a
128-atom cell.
To understand the origin of this non-random solution behavior in GeSn alloy, we examine
the distribution of the total energy E within the ensemble of configurations, as shown in
Fig. 3(a). In Ge0.75Sn0.25 alloy, the analysis finds a relatively wide range of distribution of
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E for different configurations: from 0.2 eV below to 0.2 eV above the mean energy of the
ensemble 〈E〉. As a comparison, the distribution of E in SiGe alloy is found to be significantly
narrower. A wide distribution of E indicates that a change of atomic configuration in alloy
will likely lead to a structure that is energetically very distinct from the original configuration.
If the new configuration is strongly unfavorable energetically, it is then less likely to occur
within the ensemble, thus having a negligible statistical weight in ensemble average. Toward
this end, we examine the structures of Ge0.75Sn0.25 alloys located in the different regions of
energy distribution, and find that high-energy structures are generally accompanied by a
larger number of Sn-Sn pairs, and sometimes even small Sn clusters composed of more than
two Sn atoms (see the inset of Fig. 3(a)), whereas in low-energy structures, Sn atoms are
largely well dispersed within the Ge matrix, thus avoiding having other Sn atoms as their
immediate neighbors. To confirm this observation is of general relevance, we compute the
number of Sn-Sn bonds (within a cutoff distance of 3.0 A˚) for each configuration within the
MC ensemble obtained using 128 atoms for Ge0.75Sn0.25 alloy. Fig. 3(b) shows the variation
of Sn-Sn bond numbers indeed follows closely the variation of the total energy, suggesting
that the nearest neighbor Sn-Sn configurations play a key role in the non-random solution
behavior of Ge0.75Sn0.25 alloy.
A natural question is then why SRO is prominent in GeSn but not in SiGe alloys, given
that both are group IV alloys. A possible explanation can be related to the size difference in
group IV elements. As the lattice constants increase slowly from Si (5.43 A˚) to Ge (5.66 A˚),
but rapidly from Ge to α−Sn (6.46 A˚), the lattice mismatch between Ge and α−Sn (14.1%)
is significantly higher than that between Si and Ge (4.2%). Therefore substituting Ge atoms
by larger Sn atoms in the DC lattice of Ge will lead to substantial local distortions, which
are expected to be higher than those in composition-equivalent SiGe alloys. In particular,
such local distortions will become more significant when Sn atoms are located adjacent to
each other, which then leads to configurations that are energetically less favorable than those
where Sn atoms are well dispersed within the Ge matrix. Indeed, previous theoretical study
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showed Sn-Sn interactions are repulsive when Sn atoms serve as substitutional defects in Ge
lattice.51 Similarly, in Sn-rich alloys, substituting Sn atoms in the α−Sn lattice by smaller Ge
atoms will also lead to distortions which become significant if Ge atoms are clustered. This
explains why SRO is particularly notable in the solute-solute, rather than solvent-solvent,
coordination number in GeSn alloys.
3.1.1 Comparison with experiments
Experimental verification of SRO in alloy has been proven challenging, particularly for
diffraction-based method, because diffraction contrast arising from local distortion induced
by SRO is inherently weak as compared to matrix lattice diffraction.39 Nevertheless, there
exist experimental characterizations on Sn distribution in GeSn alloy, albeit that these char-
acterization studies focused on the subject of Sn segregation or dispersion. Specifically, two
types of characterization techniques have been employed: extended X-ray absorption fine
structure (EXAFS) which allows probing local environment of atoms, and atom probe to-
mography (APT) that offers information of atomic positions in 3D. Here we briefly compare
our model with experimental results.
EXAFS studies of Sn local environment in GeSn films31,32 provided the experimental
evidence in consistent with the type of SRO in our model. In particular, the fitted Sn-
Sn distance based on EXAFS data31 in GeSn alloy was found to be close to 4 A˚, i.e.,
corresponding to the 2nd nearest neighbor (2NN), rather than the 1st nearest neighbor (1NN)
(∼ 2.8 A˚), of Sn in DC lattice. This analysis thus concluded the absence of Sn-Sn dimers
or Sn clusters and also indicated the preference of 2NN Sn distribution, which is consistent
with the identified SRO in our study where Sn atoms tend to avoid each other in their 1NN.
Indeed, as shown in the calculated Sn-Sn radial distribution function (Fig. 4), the first
Sn-Sn peak in SRO GeSn is significantly reduced due to a Sn-Sn repulsion, yielding a peak
height much lower than that of the second Sn-Sn peak. In contrast, in a truly random GeSn
alloy, Sn-Sn peak height decreases with Sn-Sn distance, leading to a peak order opposite to
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that of an SRO alloy. We note that this drastic difference in relative peak height can be
an important clue for further experimental validation. Interestingly, Ref.31 concluded GeSn
alloys are homogeneous random substitutional alloy, on the basis of a relative increase of Sn
atoms in the 2NN of Sn atoms and the absence of Sn cluster. In light of the calculated Sn-Sn
RDF, we note that SRO GeSn alloy can be actually indistinguishable from a truly random
alloy, if an analysis is carried out only based on 2NN Sn, because as shown in Fig. 4, the
second Sn-Sn peak remains virtually unaffected by SRO. In fact, Fig. 4 shows the depletion
of Sn atoms within the 1NN is largely compensated by the 3NN, thus leaving 2NN largely
intact.
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Figure 4: Calculated Sn-Sn radial distribution function of GeSn alloys with SRO (red) and
without SRO (black) for different Sn compositions.
On the other hand, a few APT characterization studies12–14,14,15 were carried out on
chemical vapor deposition (CVD) grown GeSn films and nanowires, and showed no Sn seg-
regation or Sn clusters in GeSn alloys. We note that although these studies indicate a well
dispersed Sn distribution, the data need to be refined to enable further inferring the occur-
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rence of Sn-Sn repulsion in their nearest neighbors. This is because both a SRO-alloy with
a low Sn-Sn coordination number and a truly random alloy lead to a well dispersion of Sn
atoms, i.e., no Sn segregation, within Ge lattice. In fact, a repulsive Sn-Sn interaction can
even facilitate a better Sn dispersion, as there is a lower chance to have a Sn-Sn nearest
neighbor in SRO-alloy than in truly random alloy. Therefore a validation of SRO of Sn-Sn
repulsion should be obtained by an explicit comparison of Sn-Sn RDF between a truly ran-
dom model and a SRO model, as suggested in Fig. 4. We also note that a validation of SRO
through APT may need a further data processing, analysis, and refinement. For example,
the combination of limited detector efficiency and imperfect spatial resolution in APT tends
to make data more randomized, as demonstrated in the test of identifying SRO in perfectly
ordered compound.52 In addition, the ablation process of APT in peeling off atoms one-
by-one may induce perturbation of atomic positions, which can lead to an artificial atomic
distance. Furthermore, as shown in our subsequent study,53 SRO itself may exhibit a spatial
heterogeneity due to strain and composition gradient and a temperature dependence, and
depending on the region of samples where APT is performed, SRO may be difficult to probe
or even absent. The detailed discussion on validating SRO based on APT will be reported
in our subsequent publication.53
3.2 Effect of SRO on electronic band gaps
An important question is how the identified SRO affects the properties of GeSn alloy, con-
sidering nearly all existing theoretical studies18–26,28,29 were carried out either by simple
arithmetic average of randomly generated simulation cells, or by SQS that matches the cor-
relation function of a truly random alloy. To answer this question, we calculate the direct
band gap of GeSn alloy, which is a key property for mid-infrared applications. In order to
understand the role of SRO, we explicitly compare the ensemble-averaged band gaps 〈EΓg 〉
(canonically sampled) and the simply-averaged band gaps EΓg (randomly sampled) of GeSn
alloys. The ensemble-averaged band gaps 〈EΓg 〉 are obtained by randomly choosing 50 con-
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figurations within the canonical ensemble obtained from MC/DFT trajectory and averaging
their respective band gaps, thus reflecting the proper statistical weights of the configurations
and by default, taking into account the identified SRO. The validity and effectiveness of this
procedure are further confirmed by a convergence test involving 500 configurations (See Sup-
porting Information S3 for more details). In contrast, the simply-averaged band gaps EΓg
are obtained by randomly generating 50 alloy configurations, from which the band gaps are
calculated and averaged. This procedure mimics a completely random solid solution, and
indeed reflects the essence underlying the commonly employed theoretical approaches for
modeling random alloy, including VCA, CPA and SQS.
Fig. 5(a) shows the comparison of 〈EΓg 〉 and EΓg for Ge0.875Sn0.125. It is evident that
the ensemble-averaged band gap 〈EΓg 〉 is significantly higher than EΓg , by about 100 meV. In
addition, the variation of EΓg , as reflected in the error bar of the mean, is also found smaller in
〈EΓg 〉 than in EΓg . Such differences clearly demonstrate the quality of alloy structural models,
particularly, whether the SRO is taken into account, significantly affects the predicted band
gaps of GeSn alloys.
To understand the fundamental origin for this difference, we investigate its correlation
with alloys’ structures. To this end, it is worth pointing out that a recent study28 clearly
demonstrated the strong influence of Sn configurations on alloy’s electronic band gaps. In
particular, the study showed the band gap exhibits the maximum when Sn atoms are well
separated (without nearest Sn-Sn neighbors), then decreases monotonically as the number of
Sn-Sn bonds increases, and reaches the minimum when Sn atoms form a cluster. Motivated
by this observation, we examine the general relation between band gaps and alloy structures.
As shown in Supporting Information Fig. S4, there indeed exists a general, albeit not perfect,
correlation between the number of Sn-Sn bonds and the calculated band gaps: A higher
number Sn-Sn bonds overall tends to yield a lower band gap. Since an alloy configuration
with a higher number of Sn-Sn bonds is associated with a higher total energy (see Fig.
3(b)), such structure carries a lower statistical weight thus contributes less to the canonical
14
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Figure 5: Effect of short-range order on the predicted direct (non-SOC) band gaps of
GeSn alloy. The ensemble-averaged band gaps 〈EΓg 〉, obtained through canonical sampling
(left column) are significantly higher than the simply-averaged band gaps EΓg , obtained
through random sampling (right column), for (a) Ge0.875Sn0.125 and (b) Ge0.8125Sn0.1875. The
horizontal lines represent the mean gap values.
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average. In other words, the SRO plays an important role by limiting the occurrence of
those low-gap configurations in the ensemble. This explains why an ensemble-averaged band
gap that includes SRO leads to a higher band gap than that inferred from the random solid
solution model.
In light of this understanding, and considering that the degree of SRO in Ge-rich GeSn
alloy grows with Sn content, as shown in Fig. 2(a), one would expect the correction in
the predicted band gaps becomes even more significant for high-Sn content alloy. This is
because as Sn content increases, there will be a higher probability of forming Sn-Sn nearest
neighbors, or even small Sn clusters, if atoms are randomly distributed within the lattice.
To confirm this conjecture, we compare the ensemble-averaged and simply-averaged direct
band gap for GeSn alloy containing 18.75 at. % Sn content. As shown by Fig. 5(b), the
difference between 〈EΓg 〉 and EΓg for Ge0.8125Sn0.1875 is indeed found to increase to about 160
meV.
3.2.1 Comparison with experiments
To gain a comprehensive understanding on the impact of SRO on the quality of prediction
for direct band gap in GeSn alloy, we carry out extensive sampling and calculation to obtain
the ensemble-averaged direct band gap as a function of Sn composition. As shown in Fig. 6,
our predicted direct band gaps show excellent agreement with experiments16,34,54 within the
entire composition range that has been visited by experiments so far, with the most salient
improvements being for those high-Sn content alloys with a Sn content beyond 20 at. %. It
is noted that previous studies,26,28 using the same level of DFT calculation, i.e., mBJ and
SOC, but assuming random solid solution, predicted GeSn alloy already becomes a metal at
around 25 ∼ 28 at. % . Since high-Sn content alloys (with a Sn content beyond 20 at. %) are
of particular interest for the proposed mid-infrared applications,10 our results clearly show
that constructing reliable structural models that account for SRO is crucial for predicting
and understanding the electronic structures of those alloys.
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Figure 6: Composition dependence of the direct band gap EΓg in GeSn alloy. The experi-
mentally measured band gaps are from Gallagher 2014,54 Xu 2019,34 and Xu 2019.16
4 Discussion
Our results unravel a subtle but important difference between a homogeneous GeSn alloy
with a SRO where Sn atoms tend to avoid each other as their immediate neighbors, and a
truly random alloy where a lattice distribution of atoms is completely randomized. Since
both types of distributions lead to a well dispersion of Sn atoms in lattice, the absence of
Sn segregation cannot be used to infer either scenario. In fact the identified SRO through
Sn-Sn repulsion is expected to facilitate a better Sn dispersion, particularly for high-Sn
content GeSn alloy. To this end, we note that in addition to the demonstrated corrections to
electronic structures, our finding of SRO also has important implications on other properties
of GeSn alloys. One such implication is related to understanding the stability of GeSn
alloy, as a key challenge in achieving mid-infrared application of GeSn is to ensure alloy is
stable enough while incorporating sufficient Sn content (beyond 20 at.%) that is required
for covering mid-infrared wavelength. Since these compositions are significantly beyond the
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equilibrium solubility of Sn in Ge (∼ 1 at.%) at room temperature, a major expected issue
is the segregation of Sn. Interestingly, despite of this concern, high-Sn content GeSn alloys
have been recently synthesized through chemical-vapor deposition16,34,35 and molecular beam
epitaxy.36 Although strain gradient was found to play an important role in incorporating
Sn,35 we conceive that an additional main factor contributing to stability could well be
related to the identified lower-than-ideal Sn-Sn coordination number, because a depletion
of Sn atoms through a replacement by Ge atoms from their nearest neighbors could greatly
reduce the possibility of local gathering of Sn atoms, which is a prerequisite of Sn segregation.
5 Conclusion
In summary, by combining Metropolis Monte Carlo sampling and large-scale density func-
tional theory calculations, we reveal the existence of a prominent, non-truly random solution
behavior in GeSn alloy within the entire composition range, in contrast to the commonly
adopted model of random solution. The calculated solute-solute coordination numbers are
found substantially lower than what is assumed by the random solid solution model, demon-
strating a partial, short-range order involving solute atoms in GeSn. The identified SRO
is consistent with the EXAFS measurement showing a lack of Sn-Sn nearest neighbors in
GeSn alloys. When this short-range order is included in modeling through ensemble average,
we show the predicted band gaps of GeSn alloys can be significantly improved through an
excellent agreement with recent experimental measurements, particularly for high-Sn con-
tent GeSn alloys. The identified partial ordering is also expected to play a vital role in
understanding the optoelectronic properties and stability of group IV alloys.
6 Supporting Information
S1: Estimate of the statistical uncertainty in solute-solute coordination number; S2: Effect
of spin-orbit coupling on the predicted direct band gap EΓg ; S3: Convergence of sampling in
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computing average band gap EΓg ; S4: Correlation between E
Γ
g and number of Sn-Sn bonds.
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